ZP3, a major component of the zona pellucida (ZP) matrix coating mammalian eggs, is essential for fertilization by acting as sperm receptor. By retaining a propeptide that contains a polymerization-blocking external hydrophobic patch (EHP), we determined the crystal structure of an avian homolog of ZP3 at 2.0 Å resolution. The structure unveils the fold of a complete ZP domain module in a homodimeric arrangement required for secretion and reveals how EHP prevents premature incorporation of ZP3 into the ZP. This suggests mechanisms underlying polymerization and how local structural differences, reflected by alternative disulfide patterns, control the specificity of ZP subunit interaction. Close relative positioning of a conserved O-glycan important for sperm binding and the hypervariable, positively selected C-terminal region of ZP3 suggests a concerted role in the regulation of species-restricted gamete recognition. Alternative conformations of the area around the O-glycan indicate how sperm binding could trigger downstream events via intramolecular signaling.
INTRODUCTION
The first fundamental step of animal fertilization is binding between egg and sperm, whose fusion generates a zygote that will develop into a new individual. A specialized extracellular matrix of the egg, called zona pellucida (ZP) in mammals and vitelline envelope (VE) in nonmammals, is crucial for this process by directly mediating species-restricted recognition between gametes (Wassarman and Litscher, 2008) . In the mouse, the ZP consists of glycoproteins ZP1 (100 kDa), ZP2 (120 kDa), and ZP3 (83 kDa). These components are coordinately secreted by growing oocytes and polymerize into mm-long filaments with a structural repeat of 14 nm. Pairs of filaments are then crosslinked by homodimers of the less abundant ZP1 subunit, giving rise to the three-dimensional (3D), 6.5 mm thick ZP matrix. In other mammals, the egg coat also contains a fourth subunit (ZP4) that is $30% identical to ZP1; moreover, proteins homologous to mammalian ZP1-4 constitute the VE of other vertebrates, and highly related molecules comprise the egg coat of species evolutionarily very distant from mammals, like molluscs and ascidians. The basic structure of the ZP/VE has thus been conserved over more than 600 million years of evolution (Monné et al., 2006) .
As indicated by in vitro sperm binding experiments (Bleil and Wassarman, 1980) and exemplified by the phenotype of ZP3 null mice, which produce eggs that lack a ZP and are completely infertile (Liu et al., 1996; Rankin et al., 1996) , mouse ZP3 (mZP3) is essential for fertilization in vivo by acting as receptor for sperm (Wassarman and Litscher, 2008) . This is supported by numerous studies in different mammalian species, including human (Barratt et al., 1993) , as well as in other vertebrates such as chicken (Bausek et al., 2004) and Xenopus (Vo and Hedrick, 2000) . However, the specific ZP3 determinants recognized by sperm are highly controversial, and the molecular basis of gamete interaction remains elusive (Gahlay et al., 2010; Wassarman and Litscher, 2008; Shur, 2008) .
The domain structure of ZP3 reflects its dual biological function. Most of the protein consists of a polymerization module of 260 residues, the so-called ZP domain (Bork and Sander, 1992) , followed by a C-terminal region of 40 amino acids that is specific to ZP3 and has been implicated in interaction with sperm (Wassarman and Litscher, 2008) . The ZP module is not only conserved in egg coat components but is also found in many other secreted eukaryotic proteins with variable architecture and biological function (Jovine et al., 2005; Bork and Sander, 1992) . It is responsible for the incorporation of ZP3 and other subunits into the ZP (Jovine et al., 2002) and consists of two domains, ZP-N and ZP-C, that are separated by a proteasesensitive linker . Whereas ZP-N is thought to constitute a basic building block of ZP filaments (Monné et al., 2008) , ZP-C may mediate the specificity of interaction between subunits (Kanai et al., 2008; Sasanami et al., 2006) . These processes are controlled by an external hydrophobic patch (EHP) contained within the C-terminal propeptide of ZP component precursors and an internal hydrophobic patch (IHP) inside the ZP module .
A recent crystal structure of the ZP-N domain of mZP3 had important implications for the architecture of animal egg coats (Monné et al., 2008) . However, it could not address the function of ZP3 as a sperm receptor, and, apart from a cryo-electron microscopy study of glycoprotein endoglin at 25 Å resolution (Llorca et al., 2007) , no structural information is available on the complete ZP module and the regulation of its biological function. Here we present the high-resolution structure of full-length ZP3, providing crucial insights into both the mechanism of ZP module-mediated polymerization and the sperm binding activity of this key reproductive protein.
RESULTS

Protein Engineering and Structure Determination
Biogenesis of ZP3 requires processing of an N-terminal signal peptide, formation of six intramolecular disulfide bonds, and loss of a C-terminal propeptide that contains a polymerizationblocking EHP and a single-spanning transmembrane domain (TM). The latter event depends on cleavage of the protein precursor at a consensus furin-cleavage site (CFCS) located between the ZP-C domain and the EHP ( Figure S1A and Figure S2A available online; Wassarman and Litscher, 2008) . As a result of this complex maturation pathway, correctly folded recombinant ZP3 can only be efficiently expressed in mammalian cells. However, due to its heavy and heterogeneous glycosylation (accounting for $50% of the total apparent mass of the mouse protein), as well as its tendency to aggregate when concentrated or enzymatically deglycosylated (Zhao et al., 2004; E. Litscher and P. Wassarman, personal communication) , full-length ZP3 has eluded attempts at structure determination for over 25 years.
To overcome this impasse, we focused on chicken ZP3 (cZP3), a naturally hypoglycosylated homolog that contains a single N-glycosylation site and is 53% identical to human ZP3 (Takeuchi et al., 1999; Waclawek et al., 1998) . A series of progressively modified, C-terminally histidine-tagged constructs ( Figure S1A ) were expressed in Chinese hamster ovary (CHO) cells ( Figure S1B ), which were previously shown to produce a recombinant avian ZP3 protein that is indistinguishable from its native counterpart (Sasanami et al., 2003) . Deletion of the TM and inactivation of the N-glycosylation site and the CFCS resulted in construct cZP3-3 ( Figure S1A ), which was secreted from cells as a single homogeneous species of 41 kDa (Figure S1B, lane 9). Because it retained the EHP at its C terminus, this protein did not aggregate and could be purified by immobilized metal affinity chromatography (IMAC), followed by sizeexclusion chromatography (SEC). The latter suggested that cZP3 exists as a dimer ( Figure S1C ), in agreement with crosslinking experiments ( Figure S1D ) and sedimentation equilibrium studies of human ZP3 (Zhao et al., 2004) .
cZP3-3 had relatively low solubility and yielded only weakly diffracting crystals. However, its solubility could be significantly improved by limited trypsinization, which resulted in loss of an N-terminal fragment (residues Y21-R46; Figure S3 ) that is not conserved among ZP3s and is missing in the mature avian protein (Pan et al., 2000; Waclawek et al., 1998) . Further mass spectrometric (MS) analysis of trypsinized forms of cZP3-3 and cZP3-4, a better expressed construct carrying a deletion of P23-H52 (Figures S1A and S1B, lane 11), revealed that the improvement in solubility was in fact due to proteolysis of a second fragment (R348-R358) immediately preceding the inactivated CFCS ( Figure S3 and Figure S4 ). Trypsinized cZP3-3 and cZP3-4 (cZP3-3T/4T) produced tetragonal crystals that diffracted to high resolution despite 71% solvent content (Figures S5A and S5B) . The structure of cZP3-4T was solved by molecular replacement using the ZP-N domain of mZP3 (Monné et al., 2008) as search model and refined against both a dataset at 2.0 Å resolution and an earlier 2.6 Å dataset that better resolved a functionally important O-linked carbohydrate (Table S1 and Figures S5C-S5F ).
Overall Architecture of the ZP3 Homodimer In the asymmetric unit, two molecules of ZP3 embrace each other in antiparallel orientation to form a flat, Yin-Yang-shaped homodimer ( Figures 1A and 1B) . Although part of the linker between ZP-N and ZP-C (E158-R166) is disordered in the electron density map, the connectivity between the two domains is unequivocally determined by their relative positions in the crystal. In this arrangement, the two ZP modules of the dimer are held together by interactions between ZP-N and ZP-C domains that belong to opposite subunits. On the other hand, no ZP-N/ZP-N or ZP-C/ZP-C contacts are observed within the dimer ( Figure 1A ).
Interaction with ZP-C Induces Local Rearrangements of Two Conserved ZP-N Domain Regions
The structure of a maltose-binding protein-mZP3 ZP-N fusion revealed that the ZP-N domain belongs to a distinct immunoglobulin (Ig) superfamily subtype, characterized by an E' strand and two invariant disulfides that link the first four Cys of the ZP module with C 1 -C 4 , C 2 -C 3 connectivity (Monné et al., 2008) . Consistent with the fact that the model of mZP3 ZP-N was sufficient to phase the structure of cZP3-4T despite representing only 28% of the scattering mass in the asymmetric unit, the secondary structure elements of cZP3 and mZP3 ZP-Ns can be superimposed with a C a root-mean-square distance of 0.9 Å ( Figure S6A ). However, as further discussed below, contacts with ZP-C cause significant local differences in a conserved region within the long FG loop of the ZP-N domain, as well as around its invariant C 2 -C 3 disulfide.
The ZP Module Is Internally Symmetric As hinted by initial molecular replacement solutions that placed additional copies of ZP-N at the position of ZP-C, the latter domain also adopts an Ig-like fold, so that 50% of the residues of cZP3-4T are involved in b strands (Figure 1 and Figure S2A ). ZP-N and ZP-C display no significant sequence similarity and have different disulfide connectivity (Boja et al., 2003) . Nevertheless, despite replacement of the C and E' strands of ZP-N by a single C strand in ZP-C (which also contains additional A', A", and C' strands), the b sandwiches of the two domains share a common topology ( Figure 1C) . As a consequence, each ZP module has internal symmetry ( Figures S6C and S6D ).
The EHP Is Coupled to an Invariant ZP3 Disulfide at the Core of the ZP-C Domain Analysis of purified cZP3-3T and -4T suggested that the C-terminal tryptic peptide produced by ZP3 cleavage at R358 remained noncovalently associated with the rest of the protein ( Figure S3 and Figure S4) . Surprisingly, the electron density See also Figure S1 , Figure S2 , Figure S5 , Figure S6 , and Table S1 .
map reveals that the EHP sequence contained in this peptide constitutes the G strand of the ZP-C domain and is thus an integral part of the ZP3 fold ( Figure 1 and Figure 2A ). Immediately next to the EHP, a C 5 -C 7 disulfide staples the F strand of ZP-C to the neighboring C strand. This linkage is conserved in all ZP3 homologs (Kanai et al., 2008) and forms a short right-handed hook that is preceded by a b bulge in the C strand and protrudes toward the center of the ZP-C hydrophobic core ( Figure 2A ). To gain insights into the functional role of C 5 -C 7 and other ZP3 disulfides, we individually mutated all Cys pairs of cZP3-4 ( Figure 2B ). As shown in lane 6, C 5 -C 7 is the only disulfide whose mutation does not completely abolish secretion of ZP3. This result suggests that the invariant C 5 -C 7 pair of ZP3 is involved in other functions besides protein folding, consistent with absence of both of these Cys in a subset of Drosophila ZP module proteins with a different biological function (Fernandes et al., 2010) .
Cysteine Clustering in a Structurally Variable ZP3-Specific Subdomain
Insertions within the C'D and FG loops of ZP-C give rise to a C-terminal ZP-C subdomain ( Figures 1A and 1C ) that is conserved in the type I ZP module of ZP3 homologs but is not found in either the type II ZP module of other ZP subunits or unrelated Ig-like domains. The ZP-C subdomain has a remote similarity to EGF domains based on secondary structure and consists of a short 3 10 helix C"D and a three-stranded b sheet that is connected to a longer, mixed 3 10 /a helix F"G through C 6 -C 11 and C 8 -C 9 disulfides ( Figure 2C and Figure S5F ). This connectivity was confirmed by the anomalous signal of sulfur and is consistent with partial disulfide bond assignments of pig ZP3 (C 8 -C 9 ; C 6 -C 10 /C 11 ; C 12 -C 11 /C 10 ; Kanai et al., 2008) . On the other hand, it differs from the disulfide pattern of fish, mouse, rat, and human ZP3, where the same Cys residues form a C 6 -C 8 and, presumably, a C 9 -C 11 bridge ( Figure S2B ; Kanai et al., 2008; Darie et al., 2004; Boja et al., 2003) . The structure reveals that, even though these Cys are spaced in sequence, they are closely clustered in space on top of a platform created by invariant W322 ( Figure 2C ). This 3D arrangement immediately suggests how the alternative C 6 -C 8 , C 9 -C 11 connectivity could be accommodated in the ZP-C subdomain. At the same time, the structure explains why cZP3 adopts the C 6 -C 11 , C 8 -C 9 pattern, as the helical conformation of residues R329-T337 would not be compatible with a C 9 -C 11 disulfide.
Consistent with the latter observation, attempts to force partial formation of the alternative connectivity in cZP3 by mutating either C 6 and C 8 or C 9 and C 11 resulted in nonsecreted protein products ( Figure 2D , lanes 1-4). This suggests that formation of helix F"G is an early event in cZP3 folding that commits the C-terminal disulfides to the C 6 -C 11 , C 8 -C 9 connectivity. Conversely, the same region of the protein probably adopts a different conformation in order to form the C 9 -C 11 disulfide observed in other homologs of ZP3. In support of this conclusion, mutations that either interfere with disulfide-mediated tethering of helix F"G to the rest of the subdomain ( Figure 2B , lanes 7-10; Figure 2D , lanes 5-6) or delete the residues between loop F'F" and the CFCS ( Figure 2E , top panel, lanes 3-6) are not tolerated by cZP3, whereas the corresponding amino acids are not required for secretion of mZP3 constructs when the TM is present ( Figure 2E , bottom panel, lane 4).
ZP-N/ZP-C Contacts at the Homodimer Interface Are Essential for ZP3 Biogenesis
Electrostatic complementarity between the ZP-N and ZP-C domains of opposite ZP modules plays a major role at the interface of the homodimer, which buries 2450 Å 2 of surface area. The main interaction involves a positively charged protrusion formed by the long FG loop of the ZP-N domain of one molecule and a negatively charged cleft between ZP-C and the C-terminal subdomain of the other ( Figure 3A ). The tip of the ZP-N FG loop, which was loosely packed against maltosebinding protein in the ZP-N fusion crystals (Monné et al., 2008) , forms a short F' b strand ( Figure S6A ) that generates an intermolecular antiparallel b sheet with the E' strand of ZP-C ( Figure 3B ). This involves a highly conserved FXF motif and is strengthened by hydrophobic contacts between the side chains of the F' strand and surrounding residues L204, Y243, and cis-P241. Additionally, conserved R142 forms a salt bridge with invariant D254 and an hydrogen bond with Y243. Deletion of the ZP-N F' strand or mutation of the neighboring R142 in ZP-C almost completely inhibits secretion (Figure 3C) , indicating that dimer formation is a prerequisite for the biogenesis of ZP3.
Intramolecular Interaction between ZP-N and ZP-C Is Hydrophobically Mediated by the EHP As described above, the protein used for crystallization retained a noncovalently bound C-terminal proteolytic fragment, whose EHP sequence forms the G strand of the ZP-C b sandwich ( Figure 1 and Figure 2A showing the close proximity of C 6 , C 8 , C 9 , and C 11 . Black mesh is a 3.7 Å resolution phased anomalous difference map, calculated using diffraction data collected at 7.75 keV and contoured at 4 s.
(D) Cys mutations preventing the native disulfide connectivity of the ZP-C subdomain abolish protein secretion. Medium was concentrated 5 times.
(E) Removal of C-terminal residues W322-R358 inhibited secretion of cZP3 whether the TM was present (DSCS) or not (DC-term). In corresponding mZP3 mutants lacking S309-K346 (Jovine et al., 2002) , the TM rescued protein secretion. See also Figure S2 , Figure S3 , and Figure S4 .
staple ( Figure 2A ) but also close to the E'-F-G extension of ZP-N, as well as the IHP sequence that constitutes the A strand of ZP-C (Figure 1 , Figure 4A , and Figure S2A ). Both of these elements have been implicated in ZP module-mediated polymerization (Schaeffer et al., 2009; Monné et al., 2008; Jovine et al., 2004) . Analysis of the 635/610 Å 2 interface between the adjacent ZP-N and ZP-C domains of the ZP module reveals a central role of hydrophobic interactions around absolutely conserved P376 in the EHP. This residue, which is in cis conformation and forms a b bulge together with invariant G375, is flanked by L290 and forms a stack of rings with highly conserved ZP-C amino acids Y292 and P235 ( Figure 4A ). The resulting surface interacts with V114, L127, V147, and P149 on the outside of the E'-F-G sheet of ZP-N, as well as with P87. This stretches the CD loop of ZP-N, causing the C 2 -C 3 disulfide to adopt an unusual left-handed conformation and, in turn, to pull the underlying EE' region, which does not form the a helix observed in isolated mZP3 ZP-N ( Figure S6B ). Moreover, a Q116-E196 hydrogen bond and an R125-E196 ionic interaction are observed at one end of the interface, whereas variable contacts involving R288 are found at the other ( Figure 4A ). However, analysis of mutants shows that the hydrophobic contacts play a much more important role than these other kinds of interactions. In agreement with complementary mutational studies of invariant EHP residues (Schaeffer et al., 2009; Jovine et al., 2004) , mutation of Y292 and P235 severely inhibits ZP3 secretion ( Figure 4B , lanes 1-6), whereas an E196A mutant is secreted at levels comparable to the wild-type protein (Figure 4B, lane 8) .
ZP3 Cleavage Causes Slow Spontaneous Dissociation of the EHP at Physiological Temperature
Apart from being involved in the ring stack and hydrogenbonding to the neighboring F and A" b strands, the EHP makes many other interactions with the ZP-C domain. These include hydrophobic contacts with residues of the A, B, and F strands as well as F199 and conserved P171, F172, and F202 and a salt bridge between D371 and H296 on the F strand. Consistent with this array of interactions, our biochemical analysis of trypsinized cZP3 shows that the EHP is tightly bound to the core of the protein and is not removed by SEC or IMAC, even upon extensive washing. This raises the issue of whether the EHP can dissociate spontaneously, or if this is dependent on interaction between cZP3 and other ZP subunits. To answer this question, we incubated cZP3-4T at 39 C (the body temperature of the chicken) for 30 hr. As shown in Figure 4C (lanes 1-3) , this resulted in loss of approximately 40% of the EHP from the sample, a reasonable proportion considering that avian VE assembly requires several weeks. SEC analysis ( Figure 4D ) revealed that-like mature native cZP3 (Bausek et al., 2004 )-much of the remaining protein had formed different oligomeric states and large-molecular-weight species (gray profile) in comparison with an identical sample incubated at 4 C (violet profile), or with uncut protein incubated for the same time at 39 C (red profile). Consistent with the fact that this experiment was performed in the absence of other egg coat subunits, electron microscopy indicated that the material in the void volume peak of Figure 4D consisted of amorphous aggregates rather than polymers (data not shown).
An Evolutionarily Conserved O-Glycan Plays a Major Role in Sperm Binding
In the structure of cZP3-4T, one molecule in the homodimer has visible density for part of the ZP-N/ZP-C linker region, which can be modeled from residue P167 onward (Figure 1 ). Additional electron density was found next to T168, which belongs to a highly conserved PTWXPF ZP3 motif ( Figure S2A ). MS analysis identified a E158-R181 peptide containing a 365 Da HexHexNAc modification ( Figure S7A ) that, based on carbohydrate composition analysis of cZP3 (Takeuchi et al., 1999) and lectinbinding experiments ( Figure S7B , lanes 2 and 5), was interpreted as Galb1-3GalNAc (T antigen). This disaccharide could be fitted into the electron density map of the 2.6 Å structure ( Figure 5A ), whereas density for the second carbohydrate residue was not as well defined in the 2.0 Å crystal.
Considering the evolutionary conservation of this site, which has been denominated ''site 1'' and is also modified with core 1-related glycans in native mZP3, native rat ZP3, and human ZP3 expressed in transgenic mice or CHO-Lec3.2.8.1 cells (Chalabi et al., 2006; Boja et al., 2005; Zhao et al., 2004; Boja et al., 2003) , T168 was mutated to Ala in order to assess the carbohydrate function. The mutant protein was expressed and secreted as efficiently as the wild-type, excluding a role for the T168 O-glycan in ZP3 biogenesis ( Figure 5B ). This is consistent with the observation that the Thr is substituted by other amino acids in a subset of ZP3 sequences from fish, where the protein has an equivalent structural, but not receptorial, role. As expected from the lack of a single O-linked sugar chain, a small change was observed in the migration of the mutant protein ( Figure 5B ), which no longer bound to either jacalin or peanut agglutinin ( Figures S7B and S7C) . This hinted at the lack of additional O-glycans, which was confirmed by both inspection of electron density maps and extensive MS analysis of both cZP3-4 and native cZP3. The fact that this protein carries a single O-linked carbohydrate at T168 allowed us to conclusively evaluate the role of this particular sugar chain in sperm binding, in the absence of possible compensatory effects from other glycans. Quantification of protein binding to the tip of chicken sperm head ( Figure 5C ) showed that the T168A mutation caused a decrease of $80% in binding relative to wild-type cZP3-4 (Figure 5D) , indicating an important role of the conserved O-glycan in avian gamete interaction.
DISCUSSION
Thirty years after ZP3 was identified (Bleil and Wassarman, 1980) , this work yields structural information on an egg protein region directly recognized by sperm at the beginning of fertilization. Combined with mutational and in vitro binding studies, the structure provides insights into many aspects of ZP3 biology, ranging from secretion and polymerization to interaction with sperm. Moreover, it has important implications for human reproductive medicine.
Evolution of the ZP and Role of the ZP Module Dimer Interface
Our previous crystal structure of the ZP-N domain of mZP3 (Monné et al., 2008) , an invariant residue in the E'-F-G extension of ZP-N that was suggested to be important for polymerization (Fernandes et al., 2010; Monné et al., 2008; Legan et al., 2005) . Pink mesh is an averaged kick omit map of the EHP contoured at 1 s. The set of interactions involving N129, D131, and R288 is observed in chain A of the 2.0 Å resolution structure.
(B) Mutation of Y292 and P235, which stack with P376 in the EHP, severely inhibits secretion, whereas mutation of E196 has no effect. Medium was concentrated 5 times. See also Figure S1C , Figure S3 , Figure S4 , and Figure S6B .
that the ZP-C domain adopts an Ig-like fold with the same topology as ZP-N ( Figures 1A and 1C) , the X-ray map of fulllength ZP3 reveals that the ZP module contains internal symmetry ( Figures S6C and S6D) . Considering that the ZP-C domain has so far been found only within the context of a complete ZP module, this observation raises the possibility that ZP-N and ZP-C-and thus essentially the whole mammalian egg coat-originated by duplication of a common ancestral Ig-like domain. Moreover, conservation of ZP-N and ZP-C residues that mediate formation of the antiparallel ZP module homodimer ( Figure 1A and Figure 3B ), which is essential for ZP3 secretion ( Figure 3C ), suggests that this quaternary structure is also important for the function of other ZP subunits and unrelated ZP module proteins. In agreement with this conclusion, a C582-C582 interchain disulfide that characterizes human endoglin (Llorca et al., 2007) can be readily modeled on the basis of the ZP module arrangement observed in the ZP3 crystal. The biological importance of the dimer interface is further highlighted by a recent study of fish embryo hatching, identifying R167 of medaka ZP3 as a target cleavage site of hatching enzymes (Yasumasu et al., 2010) . Because this residue corresponds to cZP3 R142 ( Figure S2A ), which plays an essential role at the interface ( Figure 3B and Figure 3C , lane 2), the structure immediately suggests how hatching enzymes could solubilize egg coat filaments by disrupting the stability of ZP module dimers. Considering that a mammalian homolog of fish hatching enzymes is expressed in unfertilized oocytes and preimplantation embryos (Quesada et al., 2004) , conservation of the RjT cleavage site in human ZP3 ( Figure S2A ) might indicate that a similar mechanism is involved in human embryo hatching and implantation. 
Mechanism of Protein Polymerization Inhibition by the EHP and Implications for ZP Assembly
Previous mutational studies suggested that cleavage of the membrane-bound precursors of ZP module proteins around the CFCS releases a block to polymerization by causing dissociation of the EHP (Schaeffer et al., 2009; Jovine et al., 2004) . However, how the EHP inhibits polymer assembly at the molecular level, and what is its relationship with other elements involved in polymerization such as the IHP (Schaeffer et al., 2009; Jovine et al., 2004 ) and the ZP-N E'-F-G extension (Fernandes et al., 2010; Monné et al., 2008; Legan et al., 2005) , was unknown.
The structure of ZP3 reveals that, rather than simply shielding a surface-exposed polymerization interface, the EHP penetrates through the core of the molecule by constituting b strand G of the ZP-C domain (Figure 1 ). This strand directly faces the IHP (ZP-C b strand A) and makes contacts with the E'-F-G face of ZP-N ( Figure 4A ). Although stable within the context of the uncleaved protein precursor, the resulting ZP-N/ZP-C interface is dominated by hydrophobic contacts involving the EHP. This suggests that the two domains must undergo significant rearrangements upon cleavage of ZP3 at the CFCS and dissociation of the C-terminal propeptide. Thus, the EHP blocks premature protein polymerization by acting as a ''molecular glue'' that keeps the ZP module in a conformation that is essential for secretion ( Figure 4B ) but not compatible with formation of higher-order structures.
In agreement with studies on soluble fish egg coat protein precursors secreted by the liver (Sugiyama et al., 1999) , our in vitro analysis of EHP ejection shows that, even in constructs lacking a TM, the propeptide containing the EHP must be physically cleaved before the latter is released from the protein (Figures 4C and 4D ). This implies that, regardless of the presence of C-terminal membrane-anchoring elements, the patch can only be ejected from the side of the homodimer opposite to where the CFCS lies; this is where the C-terminal ends of the two ZP3 subunits come almost in contact with each other ( Figure 1B) . Coupling of this structural constraint, probably deriving from the sharp kink made by the invariant GP sequence of the EHP ( Figure 4A ), with membrane anchoring may play an important role in ZP assembly by orienting the ZP3 precursor so that it can properly interact with other subunits upon cleavage at the CFCS ( Figure 1B ). This would explain why, although the TM is not required for secretion, it is essential for incorporation of ZP3 into the mouse ZP (Jovine et al., 2002) .
Following cleavage, dissociation of the EHP must cause exposure of a large hydrophobic region on ZP-C ( Figure 4A ), triggering interaction with its cognate ZP-N or another ZP module. This might depend on strand-or domain-swapping events involving the exposed IHP and the E'-F-G extension of ZP-N, which in the structure does not interact with other parts of the homodimer ( Figure 1A and Figure 4A ). Moreover, because of the direct structural relationship between the EHP and the F strand of ZP-C (Figure 2A ), rearrangements connected with ZP assembly may also involve the C 5 -C 7 disulfide staple, which is conserved in ZP3 homologs from fish to human despite not being essential for secretion ( Figure 2B ). Notably, a similar disulfide has been found in CD4 and implicated in domain swapping, CD4 dimerization, and entry of HIV-1 into CD4 + cells (Sanejouand, 2004) .
A Structural Basis for the Specificity of Egg Coat Subunit Interaction
Even though several ZP module-containing proteins can homopolymerize, formation of egg coat filaments requires ZP3 (a type I subunit) and at least one type II (ZP1/ZP2/ZP4-like) component (Jovine et al., 2005; Boja et al., 2003) . Furthermore, in spite of very high sequence identity, only certain combinations of heterologous ZP subunits can productively interact to form a ZP (Hasegawa et al., 2006) . How is the specificity of ZP assembly regulated at the molecular level? Our crystallographic and mutational analysis indicates that, although clustering of conserved Cys within the ZP-C subdomain of ZP3 ( Figure 2C ) can account for the two disulfide connectivities observed in different ZP3 homologs ( Figure S2B ), these alternative patterns must be accommodated by local differences in the surrounding structural elements (Figures 2C-2E ). Because the ZP-C domain mediates interaction between type I and type II ZP subunits (Okumura et al., 2007; Sasanami et al., 2006) , and because different ZP3 disulfide connectivities are reflected by changes in the disulfide patterns of cognate type II proteins (Kanai et al., 2008) , this suggests that the tertiary structure of the ZP-C subdomain of ZP3 determines the specificity of egg coat assembly. Considering that pig and mouse ZP3 adopt different disulfide patterns (Kanai et al., 2008) , this conclusion explains why pig ZP2 does not incorporate into the mouse ZP when secreted by transgenic animals (Hasegawa et al., 2006) .
Sperm Binding and Modulation of the Specificity of Gamete Interaction
Carbohydrates of ZP3 have been repeatedly implicated in binding to sperm, but there is highly conflicting evidence about the chemical nature and location of the bioactive glycans, as well as about their functional importance relative to the polypeptide moiety of the protein (Wassarman and Litscher, 2008; Shur, 2008) . Nevertheless, many studies from different laboratories support the idea that initial species-restricted binding between mammalian gametes is mediated by ZP3 O-glycans (Florman and Wassarman, 1985) and involves a C-terminal region of the molecule that, in the mouse, is encoded by exon 7 of the Zp3 gene ( Figure S2A ; Wassarman and Litscher, 2008; Kinloch et al., 1995) . This region varies between species as a result of positive Darwinian selection (Swann et al., 2007; Turner and Hoekstra, 2006; Jansa et al., 2003; Swanson et al., 2001 ) and, based on mZP3 mutants expressed in embryonal carcinoma cells, was suggested to contain a sperm-combining site (SCS; Figure S2A ) carrying active O-glycans at S332 and S334 (Chen et al., 1998) . This hypothesis was challenged by MS analysis of purified ZP material, which indicated that the same sites are not glycosylated in native mZP3 (Boja et al., 2003) . A suggestion was thus made that the functional O-glycans of the native protein are instead located at site 1 and/or a downstream Ser/Thr-rich region called ''site 2'' ( Figure S2A ; Chalabi et al., 2006) . More recently, the biological importance of S332 and S334 in vivo was excluded based on the fertility of ZP3 À/À mice expressing a ZP3 transgene where these residues are mutated, although alternative binding sites were not identified (Gahlay et al., 2010) . How can these results be reconciled with the strong evidence for a role of O-linked carbohydrates in binding to sperm (Florman and Wassarman, 1985) ?
The data presented in Figure 5 provide direct evidence in favor of the importance of ZP3 site 1 O-glycans in gamete interaction. At the same time, they allow evaluation of the relationship between the various ZP3 sites that have been implicated in sperm binding, by projecting them on top of the structure of cZP3. As shown in Figures 1A and 1B , the interdomain loop carrying T168 folds back onto itself, positioning site 2 next to site 1 on top of ZP-C ( Figure 6A ). On the other side of the b sandwich, disulfide C 10 -C 12 in the ZP-C subdomain, which partly overlaps with the exon 7/SCS region ( Figure S2A ), fastens the C-terminal region of mature ZP3 to helix F"G ( Figure 2C ) so that it bends toward the interdomain loop ( Figures 1A and 1B) . The resulting $120 inversion in chain direction is necessary for inserting the EHP at the core of the ZP module, explaining why the C 10 -C 12 connectivity is invariant between ZP3 homologs ( Figure S2B ). At the same time, this has the effect of positioning the C-terminal half of the SCS on the same surface of the molecule as sites 1 and 2 ( Figure 6A ). Although this region and the CFCS that follows it are disordered in the electron density, the approximate positions of mZP3 S332 and S334 can be easily inferred because these residues would immediately follow P343, the last visible SCS residue in the cZP3 map. By revealing that site 1, site 2, and the SCS are all exposed within a restricted area on the same surface of ZP3, our structure suggests that any of them could in principle contribute to carbohydrate-mediated sperm binding, as long as it is modified with the correct type of sugar chain in either native ZP3 (sites 1 and/or 2) or recombinant ZP3 produced in embryonal carcinoma cells (SCS). As shown in Figures 6B and 6C , spatial clustering of the sites also immediately suggests how-regardless of glycosylation-the hypervariable SCS and very C-terminal part of mature ZP3 could affect the specificity of gamete interaction by modulating the recognition of sites 1 and 2. At the same time, the conformational flexibility of the C-terminal region of ZP3, which could be amplified by the aforementioned species-dependent variations in the local structure of the ZP-C subdomain, could clearly provide opportunities for protein-based recognition. This is consistent with the observation that sperm binding is highly reduced but not completely abolished in the T168A mutant ( Figure 5D ) and agrees with the growing evidence that gamete interaction probably relies on multiple distinct binding events (Shur, 2008) . With relation to this point, it is interesting to notice how the conserved glycosylation sites of ZP3 are located within a linker region whose flexibility is probably important for ZP-N/ZP-C domain rearrangements during polymerization, and the orientation of the hypervariable C-terminal region results from the position of the EHP within the protein precursor. These structural considerations suggest how the sperm recognition function of ZP3 might have arisen during evolution as a specialization of its polymerization activity.
Regardless of which exact ZP3 epitope(s) are recognized by sperm in the mouse, the data by Gahlay et al. (2010) suggest that lack of sperm binding to the murine ZP following fertilization is not the result of ZP3 carbohydrate cleavage or modification but rather depends on proteolytic processing of ZP2. These results are still compatible with an important role of ZP3 carbohydrates in sperm binding, as ZP2 cleavage could act indirectly by causing structural rearrangements that ultimately shield the ZP3-binding surface identified by our structural and functional studies.
Downstream Transmission of Sperm Binding Information
Ordering of the O-glycosylated interdomain linker region, which is not involved in crystal contacts with symmetry-related molecules, has remarkable effects on underlying ZP-C domain residues ( Figure 7A ). In the ZP3 monomer where T168 is ordered, the conserved neighboring residue W169 stacks against the side chain of E180 and forms a short b sheet by inducing the formation of a B' b strand within the ZP-C BC loop. Consequently, an invariant residue in this loop, H219, flips inwards making hydrogen bonds with main chain carbonyl oxygens of S215 in strand B and V220 in strand B'. The presence of two different conformations within the crystal allows us to hypothesize how information about sperm binding might be transmitted through ZP3. It is possible that in the unbound protein the linker region around T168 is highly flexible. However, upon sperm binding this zone assumes a more ordered conformation that is stable ( Figure 7B ) and transmits a signal through the molecule as a result of H219 flipping. This may lead to stimulation of the acrosome reaction, a process that depends on the polypeptide moiety of ZP3 (Wassarman and Litscher, 2008; Shur, 2008) . Alternatively, the conformational switch could be part of the structural changes of the ZP that take place during the block to polyspermy, and regulate the accessibility of the O-glycan before and after fertilization.
Relevance for Human Reproductive Medicine
Antibodies against ZP proteins, and in particular the C-terminal region of ZP3, have been shown to be powerful tools for inhibiting fertilization of domestic animals and wildlife, including primates (Kaul et al., 2001; Millar et al., 1989) . However, variable efficiency and safety concerns suggest that immunocontraception is unlikely to become a feasible option for humans. At the same time, no completely novel contraceptive method has been introduced in the last 50 years to address the continuous growth of the world population (McLaughlin and Aitken, 2010) . By allowing the development of small-molecule compounds that specifically target the sperm binding surface shown in Figure 6A , the structure of ZP3 could pave the way to the rational design of nonhormonal contraceptives. Moreover, structural information on the molecule will be essential for understanding ZP mutations linked to human infertility at the molecular level. 
EXPERIMENTAL PROCEDURES Protein Expression and Purification
Protocols used for DNA construct generation, protein expression in CHO cells, and protein purification are outlined in the Extended Experimental Procedures.
Protein and Carbohydrate Analysis
Methods used for immunoblot analysis, oligomeric state determination, crosslinking in solution, mass spectrometry, and lectin binding are described in the Extended Experimental Procedures.
Crystallization and Data Collection
Crystals of cZP3-4T (25 mg/ml) were grown in 0.1 M Na citrate (pH 5.0), 10 mM Tris-HCl (pH 8.0), 3%-13% PEG 6000, 50 mM NaCl ( Figure S5A ). They appeared in 1-5 days at 4 C and were cryoprotected by stepwise addition of PEG 6000 and PEG MME 550 to a final solution of 0.1 M Na citrate (pH 5.0), 10 mM Tris-HCl (pH 8.0), 6% PEG 6000, 30% PEG MME 550, 50 mM NaCl, after which they were flash frozen in liquid nitrogen. Datasets were collected at the European Synchrotron Radiation Facility (ESRF), Grenoble (Table S1 ). Details of structure determination and refinement, as well as structure analysis and molecular dynamics simulation, are provided in the Extended Experimental Procedures.
Sperm Binding Assays
Semen collected from 15 White Leghorn cocks was frozen in liquid nitrogen as described (Japanese patent No. 2942822). Sperm (1.5 3 10 4 /ml) were incubated with protein (5 ng/ml = 134 nM) in 20 mM Na-HEPES (pH 7.4), 150 mM NaCl at 37 C for 15 min. They were then fixed onto a glass slide with 3% paraformaldehyde, blocked with 2% BSA, and incubated with anti5His (QIAGEN; 1:1,000), followed by Alexa Fluor-488 goat anti-mouse IgG (Invitrogen, 1:300). Imaging was performed on an Axioplan2 microscope equipped with LSM5 PASCAL laser scanning confocal optics (Zeiss) in multitrack mode. 488 nm excitation and 505-530 nm band-pass emission filters were used for imaging Alexa-Fluor 488. Stacks of 7-11 images taken at 0.5 mm intervals along the Z axis were merged, and signal intensities of the tip region of sperm heads were measured. Differential interference contrast images were taken by the same system. Analysis was performed with ImageJ (http://imagej.nih.gov/ij/), using a negative control-based integrated density cutoff of 10,000. t test statistical analysis was performed with InStat (GraphPad Software, Inc.). Animal procedures were approved by the Nagoya University Institutional Animal Care and Use Committee.
ACCESSION NUMBERS
Atomic coordinates and structure factors are deposited in the Protein Data Bank with accession codes 3NK3 (2.6 Å resolution) and 3NK4 (2.0 Å resolution). 
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